ABSTRACT
systemin represents one of the initial steps in the signal transduction pathway regulating the wound response. Recently, it was reported that heat treatment and mechanical injury generate electrical signals, which propagate throughout the plant. These signals are capable of inducing Pin2 gene expression in the nontreated leaves of wounded plants. Fur- thermore, electrical current application to tomato leaves leads to an accumulation of Pin2 mRNA in local and systemic tissues. Examination of photosynthetic parameters (assimilation and transpiration rate) on several types of stimuli suggests that heat-induced Pin2 gene expression is regulated by an alternative pathway from that mediating the electrical current and mechanical wound response.
Plants react to wounding and pathogen attack by activating a set of genes, most of which play a role in wound healing and prevention of a subsequent pathogen invasion. Some of these genes are expressed in the vicinity of the wound site while others are also systemically activated in the nondamaged parts of the plant. The potato and tomato proteinase inhibitor II (Pin2) gene families are the best studied examples of genes that are systemically activated upon mechanical damage (1, 2) . This gene family is constitutively expressed in potato tubers and in the early stages of floral development. Young floral buds accumulate Pin2 mRNA which is absent in the organs of the fully developed potato flower. In contrast to potato, tomato flowers accumulate Pin2 mRNA, but adult flowers exhibit readily detectable levels in virtually every organ (3) . In addition to its constitutive expression in tubers and flowers, Pin2
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mRNA accumulates in the foliage of both potato and tomato plants upon wounding by either mechanical damage or herbivore feeding. Transcriptional activation of the Pin2 genes upon wounding is not confined to the site of injury. Indeed, the nondamaged leaves of a wounded plant readily accumulate Pin2 mRNA, but after a short delay as compared to the directly wounded ones. Lower levels ofPin2 mRNA are observed in the systemically induced leaves compared to the locally induced ones. This systemic induction is likely to be related to the synthesis or release of a wound signal at the site of the injury, which migrates throughout the plant activating Pin2 genes in distal tissues. Nonwounded leaves both above and below the wound site accumulate Pin2 mRNA, suggesting that the signal is most likely transported via the phloem (4).
Several different stimuli have been shown to induce Pin2
mRNA accumulation in leaves and therefore have been suggested to play a role in the transduction of environmental or developmental cues to Pin2 expression. Plant cell wall-derived oligosaccharides with different degrees of polymerization are able to activate Pin2 gene expression, and they were therefore assumed to be the proteinase inhibitor inducing factor (5) . Expression of the Pin2 gene family is also initiated in detached leaves supplied with chitosan, a 3-1,4-glucosamine homopolymer present in fungal cell walls (4) . By using radiolabeled oligosaccharides, however, Baydon and Fry (6) demonstrated that molecules with a degree of polymerization greater than 6 do not travel long distances within the plant vascular system. This observation provides evidence that systemic activation of the Pin2 gene is independent of these components. Rather, these compounds are thought to be released from the wounded tissues as early signals in the pathway that ultimately leads to both localized and systemic wound-induced expression of Pin2 genes.
On the other hand, the phytohormone auxin prevents wound-induced Pin2 gene expression. Exogenous auxin is able to act as a repressor of the wound-inducible activation of a chimeric Pin2-CAT (chloramphenicol acetyltransferase) gene in transgenic tobacco callus and in whole plants (7) . In addition, the endogenous levels of indole-3-acetic acid (IAA) decline 2-to 3-fold within 6 h after wounding. The a derepression of the Pin2 gene system with concomitant expression of the CAT protein under control of the Pin2 promoter (8) .
Additional signaling mechanisms involved in regulation of the wound response have been reported and diverse theories have been advanced regarding the nature of the systemic signal transmitted from wound sites. In particular, changes in membrane polarity are among the first effects detected in wounded plants. These alterations of the membrane polarity are systemically transmitted, but it is still unclear whether they are responsible for the systemic induction of genes or whether they are simply a result of the systemic changes that occurred upon wounding (9) . Phytohormones such as abscisic acid (ABA) (10) and jasmonic acid (JA) derivatives (11) (12) (13) (14) (20, 21 (23) . In addition, this construction endows transgenic ABA-deficient droopy plants with constitutive GUS activity in tuber and floral buds and ABA-induced activity in leaves (3) . Therefore, the expression of a single promoter element mirrors the expression pattern of the whole gene family.
ABA Involvement in Wound Response
The in vivo involvement of ABA in the gene activation processes"that follows mechanical damage of the plant tissue is supported by the fact that the endogenous ABA concentration increases 3-to 5-fold upon wounding. This elevation is not restricted to the tissue that has been damaged directly but can also be detected in the nonwounded systemically induced tissue (3) . This phenomenon is common to several plant species. ABA increases upon wounding have been detected in potato, tomato, and tobacco leaves (24) . Furthermore, in all three plant species, a correlation is established between the ABA increase and either the expression of the Pin2 gene family (in the case of potato and tomato) or the activity of an introduced Pin2 promoter (in the case of transgenic potato or tobacco plants) (10) .
An increase of ABA levels after mechanical wounding of the foliage of nonsolanaceous species suggests that this is likely to be a common feature of the plant wound response mechanism. For instance, hevein, a chitin-binding protein present in the laticifers of the rubber tree, has recently been shown to accumulate upon mechanical wounding in the foliage of the tree but not in the roots. ABA or ethylene treatment leads to an increase in the hevein mRNA level, whose expression displays the same organ specificity that is obtained upon wounding (25) . It is likely that the activation of additional potato genes can be triggered by wounding along with the Pin2 gene family. Expression of a gene coding for a highly anionic peroxidase is induced during healing of potato tubers and tomato fruits. This gene also responds to ABA treatment; its mRNA accumulates in potato calli that have been grown in 100 ,iM ABA (26) . Similarly, the isolation of four other woundand ABA-responsive genes was recently reported (27) (32) . Both JA and its methyl ester (MeJA) are thought to be significant components of the signaling pathway regulating the wound response in higher plants. Airborne MeJA and JA (11) , as well as intermediates of the JA biosynthetic pathway such as LA, 13HPLA, and 12-oxophytodienoic acid (12-oxoPDA) also lead to an accumulation of Pin2 mRNA in tomato leaves (33) . Likewise, we have demonstrated that JA strongly induces Pin2 (13, 14) as well as other ABA-responsive/wound-induced genes in potato leaves (27) . More interestingly, treatment of potato leaves with JA results in similar levels of mRNA accumulation in both wildtype and ABA-deficient mutant plants (Fig. 2) (36) . In tomato, wounding also leads to an increase of JA levels after 6 h. Thereafter, levels of JA decline, being slightly higher at 24 h than in the control leaves. Tomato plants pretreated with aspirin and subsequently wounded, however, show the same low levels of JA as nonwounded plants (35 (Fig. 3) (Fig. 5A) . Therefore, this suggests that plant tissues carry the electrical current stimulation, allowing both local and systemic activation of the pathway mediating wound-induced Pin2 gene expression. Furthermore, systemic leaves from electrical current-treated plants showed increased levels of ABA similar to those observed after either mechanical wound or heat treatment (Fig. 5B) (42) .
Gas exchange measurements before and after stimulus application (mechanical wound,. heat, or current) show that mechanical injury and electrical current lead to a complex relaxation kinetics that is characterized by two time constants in the assimilation rate (A) and transpiration rate (E) (Fig. 6 , local mechanical stimulation). The first time constant appears 2-3 min after stimulus application in both local and systemic tissue. In the 2-to 3-min period, a transient decline in the assimilation rate (A) is observed. This deflection is reversed within 5-7 min. At -8 min, the assimilation rate decreases again until a new steady state is reached. The transpiration rate (E) reflects the relaxation kinetics of the assimilation rate (Fig.  6 ). Both time constants observed in the assimilation rate are also present in the response of the transpiration rate.
Leaves located distal to the site of wounding or current application (Fig. 6, systemic lation) respond with a time course which resembles that of locally wounded leaves. However, a delay of the fast time constant is observed in the systemic tissues (Fig. 6 , systemic, mechanical, or electrical stimulation).
Heat-induced Pin2 gene expression has been correlated with characteristic gas exchange relaxation kinetics, which exhibit significant modifications in comparison to those due to mechanical wounding or current injection. In particular, the first response that is usually observed within 2-3 min upon mechanical injury or current treatment is absent (Fig. 6 , local stimulation by heat). Nevertheless, the assimilation and transpiration rate start to decline at 10 min. This decrease resembles the slow kinetics induced by mechanical injury or electrical current stimulation.
In general, gas exchange measurements are offset by a tremendous scatter. For these reasons, we did not attribute any significance to the background levels in the assimilation and transpiration rates. A similar argument holds for the scatter in the time constants controlling assimilation and transpiration rates (43 (10, 27) . In agreement with these results, accumulation of water stress-responsive genes appears to be independent of de novo protein synthesis, whereas accumulation ofPin2 mRNA is not (10 (37, 44) . In addition, JA and MeJA induced the expression of phenylalanine ammonia lyase genes that are known to be involved in the chemical defense mechanism of plants against pathogens (45) .
As mentioned above, MeJA and intermediates of the JA biosynthetic pathway lead to an accumulation of Pin2 mRNA in both tomato and potato leaves (13, 14, 33) as well as all the known ABA-responsive/wound-induced genes (27) . More interestingly, treatment of potato leaves with JA results in similar levels of mRNA accumulation in both wild-type and ABAdeficient mutants. These data suggest that the step involving JA is located downstream of the ABA requirement in the pathway that links wounding to Pin2 gene activation. This is consistent with the association often found in plant responses to JA and ABA treatments (Fig. 7) . In addition, JA can bypass the initial recognition events requiring ABA and thus trigger the induction of genes even in the absence of ABA. The fact that ABA appears not to be able to overcome the inhibitory (Fig. 7) , it can be assumed that either stimulus generates a response, involving a differential regulation of several systems that might be activated at the same time. For instance, endogenous auxin levels decline after wounding in tobacco plants (8) . When transgenic tobacco plants that contain the CAT reporter gene under the control of a Pin2 promoter were pretreated with increasing amounts of auxins, they showed reduced CAT activity upon wounding (7) . Therefore, changes in the internal concentration of auxins are required for modulating wound-induced gene expression in plants.
The observations that both potato and tomato (wild type and ABA deficient) leaves show an increase of endogenous levels of JA upon ABA treatment but no ABA increase following JA application again suggest (illustrated in Fig. 7 Gas exchange experiments show that electrical current application and mechanical wounding result in two major time constants in the assimilation and transpiration rates, indicating a transient stomatal closure within 2-3 min and a more pronounced closure at 10 min. The rapid fast time constant resembles a fast action potential-like signal, and it could be the same signal already reported by Wildon et al (17) . It has been demonstrated in various studies that stomatal movements are due to ionic flux across the plasmalemma of the guard cells (41, 46) . For (47) and JA (48) . Both substances have also been shown to induce Pin2 gene expression in the absence of any wounding (3, 35) . In addition, mechanical damage increases the endogProc. Natl. Acad Sci. USA 92 (1995) Proc. Natl. Acad. Sci USA 92 (1995) 4113 enous levels of ABA and JA in tomato leaves (38) . Since we observe Pin2 gene expression and stomatal closure under these conditions, we propose that ABA and/or JA are involved in generation of the second component of gas relaxation kinetics (Fig. 6) .
Our results support and extend previous reports on the participation of electrical signals in long-distance information transfer within plants described as fast electrical signal after mechanical wounding (17) . Whatever the systemic signal, some evidence suggests that this systemic signal might be propagated through the phloem or related structures. Indeed, using transgenic potato plants, consistent with the idea of a propagation of the wound signal via the phloem, the Pin2 promoter activity in systemically induced leaves was highest in the tissue surrounding the vascular bundles (23) .
Further experiments will be required to elucidate the propagation of the putative systemic signal as well as the modes of action of ABA, systemin, JA, and the electrical signal in order to further our understanding of how wound-induced gene expression is regulated.
